Abstract: Didymella sp. is a common plant pathogen affecting mainly cereal crops in countries with temperate climates, and its airborne spores are also a potential human allergen. A 5-year monitoring study was carried out at an urban site in the UK to establish the most likely exposure time in order to alert people sensitised to spores of this genus. Didymella ascospores occurred in air with a bimodal pattern, with peak concentrations occurring at 03:00 and 22:00. The majority of ascospores were observed from 20:30 to 07:30 according to a multivariate regression tree analysis. Similarly, circular tests indicated that the maximum hourly concentrations were found in the morning hours. The highest ascospore concentrations were observed in very humid conditions occurring after rainfall. The observations taken from an urban site were delayed in relation to the time of ascospore release previously reported from field sites. Thus, there is a high possibility of regional transport of ascospores in the atmosphere from remote sources. Dear Prof. Lynne Boddy, This manuscript has been already reviewed (ref. and I am currently resubmitting it once more, after a thorough revision. Although, the initial decision was negative, the associate editor Dr Anne Pringle and both reviewers indicated that this article could be reconsidered for a publication since the topic was of interest to the readers of Fungal Ecology.
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Research highlights:
 Exposure time to allergenic Didymella ascospores  Impact of weather on the hourly changes in concentration in the air  Comprehensive statistical evaluation of 5-year data collected in residential area 
Abstract
Didymella species are common plant pathogens affecting mainly cereal crops in countries with temperate climates, and their airborne spores are also a potential human allergen. A 5-y monitoring study was carried out at an urban site in the UK to establish the most likely exposure time in order to alert people sensitised to spores of this genus. Didymella ascospores occurred in air with a bimodal pattern, with peak concentrations occurring at 03:00 and 22:00. The majority of ascospores were observed from 20:30 to 07:30 according to a multivariate regression tree analysis. Similarly, circular tests indicated that the maximum hourly concentrations occurred in the morning hours. The highest ascospore concentrations were observed in very humid conditions occurring after rainfall. The observations taken from an urban site were delayed in relation to the time of ascospore release previously reported from field sites. Thus, there is a high possibility of regional transport of ascospores in the atmosphere from remote sources.
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Introduction
The genus Didymella is a group of widespread saprotrophic and pathogenic fungi, with around 75 described species (Kirk et al., 2004) . Allitt (1986) chrysanthemi) (Burchill and Beever, 1975; Trapero-Casas et al., 1996; Fox, 2005; Salam et al., 2011; Nicolaisen et al., 2014; ) . Although the occurrence of Didymella species has been reported in many countries around the world, e.g. in Australia, Korea, New Zealand, this fungus is frequently observed in countries with temperate climates (Frankland and Gregory, 1973; Jackson, 1984; Corden and Millington, 1994; Cromey et al., 2004; Khan et al., 2013; O'Connor et al., 2014; Oh et al., 2014) . Cereal crops, such as wheat (Triticum sativum), barley (Hordeum vulagare), oats (Avena sativa) and rye (Secale cereale), are mostly affected by Didymella exitialis and D. phleina (Cromey et al., 1994; Stefansson and Hallsson, 2011; AHDB, 2015) . In the UK, cereal crops cover >3 million ha and constitute 51% of the total agricultural area (DEFRA, 2015).
The 2015 wheat harvest for the UK was 16.44 million tonnes, while for barley and oats, 7.37 and 0.80 million tonnes, respectively (DEFRA, 2015) . Didymella exitialis is considered to be a minor pathogen of wheat but infection is common and contributes to yield loss (AHDB, 2015) .
The Phylum Ascomycota is characterised by the production of sexual spores (ascospores) in saclike asci formed in ascomata. Within each ascus, karyogamy is followed by meiosis and then mitosis, which usually results in the formation of eight haploid ascospores. In Didymella genus, the ascomata type is a pseudothecium (fruit body with two layer asci organised irregularly). In addition, pycnidia (spherical fruit bodies that produce conidia, by asexual reproduction) start to form in autumn and mature at the beginning of spring (Burchill and Beever, 1975) . Airborne ascospores constitute the primary inoculum source of disease, while conidia, which are 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 disseminated by rain splash, are of secondary importance epidemiologically, and rarely disperse long distances (Trapero-Casas et al., 1996; Khan et al., 2013) . Ascospores are released all year in the UK with increased numbers reported in summer and autumn (Sadyś et al., 2016) . Symptoms appear as necrotic spots on host plant leaves by which time the airborne ascospore inoculum from the previous season has declined (Burchill and Beever, 1975; AHDB, 2015) .
At the beginning of the 1970s, a link between high ascospore counts of Didymella exitialis in the air and asthmatic symptoms of two patients, who lived in the vicinity of barley fields, was first reported (Frankland and Gregory, 1973) . Further investigation revealed that 12 out of 100 patients showed sensitisation to Didymella exitialis extracts using a skin prick test. Subsequently, Harries et al. (1985) , Packe and Ayres (1985) and Alderman et al. (1986) 
confirmed that
Didymella exitialis was responsible for late summer asthma, though Morrow Brown and Jackson (1985) did not find a similar correlation. At present, Didymella spp. (hereafter Didymella) are considered among the major allergenic taxa in the United Kingdom causing respiratory tract diseases (Newson et al., 2000; AHDB, 2015) .
The importance of investigations of Didymella ascospore concentrations in the air is greater than previously supposed, since the literature shows that their contribution to the overall airborne fungal spectrum at various locations worldwide is the highest in temperate climates (D'Amato and Spieksma, 1995) . This contrasts with Mediterranean (Gonianakis et al., 2005; Akgül et al., 2016) , subtropical (Sousa et al., 2016) and tropical climates (Khandelwal, 2001; Hasnain et al., 2005; Quintero et al., 2010) , where Didymella ascospores were either rarely observed or not detected at all in collected air samples. The necessity of studying diurnal variations in fungal spore concentration has been raised since it was noticed that a periodic unexpected "cloud of fungal spores" may trigger allergic reactions in sensitised people (Pakpour et al., 2015) , resulting in hospitalisation, or even death (Asthma UK, 2016) . Increases in hourly Didymella ascospore concentrations are often observed during or shortly after thunderstorms, followed by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 rising numbers of asthma-related hospital admissions (Packe and Ayres, 1985; Pulimood et al., 2007; Thibaudon et al. 2014) . Knowing the time of greatest concentration of allergenic fungal spores in the air can help patients in planning their outdoor activities, to reduce their exposure to fungal spores.
The current study aimed to determine when peak concentrations of Didymella ascospores in the air are likely to occur and what meteorological conditions must be met to facilitate these spore events. Spore and weather data were collected at an urban site in the UK throughout a 5-y period.
Materials and methods
Air sampling
A 7-d volumetric spore trap (Hirst, 1952; West and Kimber, 2015) was operated continuously from 1 Jan 2006 to 31 Dec 2010, to measure hourly and daily mean fungal spore concentration at Worcester, UK (52° 11' N, 2° 14' W). The air sampler was placed on a flat rooftop at a height of 10 m above ground level. Airborne particles, including Didymella ascospores, were trapped by impaction on the surface of a sampling tape coated with an adhesive, fastened tightly to a rotating drum inside the air sampler. The drum rotated past the 2 mm wide air intake at 2 mm h -1 and sampled particles in air at a rate of 10 L min -1 . Drums with new collection tape were changed each week on Thursdays at 09:00 UTC. The sampling tape was cut into 20 mm × 48 mm long sections (corresponding to a 24 h period), mounted using lactophenol incorporating Cotton Blue stain and secured with coverslips and nail varnish, which prevented damage to the samples by the loss of moisture.
Fungal spores were identified to the genus level using a light microscope under ×400 magnification and counted along one longitudinal transect with a field width of 0.54 mm. Hourly 6 and daily mean data resolutions were applied. Didymella ascospores have either biconic or an ellipsoid shape with a size range of 12-18 μm × 4-6 μm ( Fig. 1) . They can be either hyaline or yellowish in colour with a smooth or rough wall surface, and a characteristic single septum in the middle (Dennis, 1981; Zhang et al., 2012) . Photographs of Didymella ascospores were taken using an AxioCam Mrc5 camera, attached to the microscope. Software enclosed by the manufacturer (Carl Zeiss Vision GmbH) enabled their further processing. To get hourly counts, a printed grid with 2 mm intervals was placed under each examined microscope slide. Finally, the concentration of ascospores was calculated using the formula described in Lacey and West (2006) co-located with the air sampler at the University of Worcester. All meteorological parameters (rainfall, relative humidity, maximum temperature, wind speed) were recorded from 00:00 to 23:59 according to UTC local time. Daily mean (maximum temperature, relative humidity, wind speed) and daily accumulative (rainfall) values were used in this study.
Statistical testing
The fungal spore seasons were calculated using the "90% method" introduced by Nilsson and Persson (1981) . The season started when 5% of the accumulative sum of daily mean spore concentration was exceeded, and finished when 95% was surpassed. Calculating the season in this way prevented an artificial extension of the fungal spore seasons length (Jäger, 2003) .
Additionally, this technique enabled the removal from the data of observations on days when old spores occurred that could be present in the air due to re-suspension processes. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 Preliminary data screening included examinations of data distribution using 3 normality tests (Kolmogorov-Smirnov test, Kolmogorov-Smirnov test with Lilliefors correction and ShapiroWilk test), and detection of the linearity or lack thereof between all examined variables by visual inspection of the scatter graphs. The selection of three normality tests was based on the fact that each of them is characterised by a different sensitivity (Ghasemi and Zahediasl, 2012) . As the normality of the fungal spore seasons was examined using three tests, the distribution of spores was understood as normal, when all three tests resulted in p≥0.05. Non-parametric tests were applied since the preliminary screening revealed a non-normal distribution of the spore data.
The annual differences in the daily mean and hourly mean distribution of Didymella ascospores were examined using the Kruskal-Wallis test. The sign test was used to investigate whether there was any statistically significant difference in ascospore distribution on rainy (≥0.20 mm) and dry (0 mm) days (Salam et al., 2011) . The impact of hourly changes in precipitation, relative humidity, maximum temperature and wind speed on ascospore inter-diurnal distribution were studied using the Friedman test. All selected meteorological parameters were divided into 4 levels, upon preliminary data screening, and examined against spore counts. In addition, the impact of rainfall on ascospore release was studied by selecting 7-d long events, which occurred within the fungal spore seasons indicated by the "90% method" described above. Three variations were tested, i.e., (a) 4 dry days followed by 3 rainy days, (b) 3-4 rainy days followed by 3 dry days, and (c) a single rainy day preceded and proceeded by 3 dry days. Daily mean values were calculated based upon 5 events for each tested variation.
Considering a 24 h period as one full rotation (360°), circular statistical tests enabled indication of the time, when on average the maximum ascospore concentration in the air was observed (regardless the impact of weather). Hours with maximum concentration were selected from a pool of days indicated by the fungal spore season ranges. In cases where the same value of maximum spore concentration was repeated within a 24 h period, e.g. at 02:00, 19:00 and 23:00 , 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 all those hours were used for the purpose of this analysis. Each hour was then expressed as an angle in degrees. Further steps of this analysis, aiming to obtain a mean angle value, were described in Zar (1984) . The mean angle expressed as a function of sine and cosine was converted back to the time format (h min). In addition to this, a range of a circular distribution of data as the smallest arc (an angular dispersion), was calculated (Zar, 1984) .
Finally, the multivariate regression tree analysis was performed in order to indicate the time of the day when the highest ascospore concentrations were observed (Grinn-Gofroń and 
Results
Time analysis in relation to high spore counts
The seasonal dynamics showed variations in Didymella ascospore occurrence during the study period (Fig. 2) . Inter-annual differences using both daily mean and hourly mean values were confirmed by the Kruskal-Wallis test (Table 1 ). The longest season was in 2006 while the shortest season occurred in the following year (Fig. 2) . Notably, the fungal spore season in 2006 began nearly a month earlier than in the following years. With the exception of 2007, the midpoint of the season happened repeatedly in August, between the 2 nd and the 19 th day of the month ( Fig. 2) .
Temporal variations of Didymella ascospore fluctuations based on real observations showed a double peak pattern (Fig. 3) . The maximum spore concentrations consistently occurred at 22:00 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 and 03:00. The majority of Didymella ascospores were observed in 2007 and 2008 (Fig. 4A ). In 2007, night peak concentrations reached up to 4,600 spores m -3 , while in 2008 they scored up to 2,000 spores m -3 . Results of the circular analysis showed that the mean time of the maximum ascospore concentration tended to occur in the morning hours rather than in the evening (Table   2 ). All peaks were found between 05:00 and 10:00 (± 2.5 h). Significant decreases in Didymella spore concentrations oscillating around 400 spores m -3 were found at 10:00 and 16:00, respectively ( Table 2 ).
The multivariate regression tree analysis showed a great difference in the number of ascospores per cubic metre of air depending on the time of the day (Fig. 3) . The first important border hour 
Impact of changing weather conditions
Didymella ascospore concentration increased on rainy days compared to dry days (Fig. 4B) . The occurrence of a double peak pattern early in the morning and early at night was evident on rainy days while dry days had a less pronounced elevation in ascospore numbers from late night until early morning. The maximum concentration of Didymella spores on rainy days was recorded at 05:00 and 23:00, and varied between 2,800 spores m -3 and 4,000 spores m -3 . A sudden decrease in ascospore concentration to 460 spores m -3 was observed from 10:00 to 17:00 (Fig. 4B) . On dry days the maximum ascospore concentration peaked once at 06:00 reaching 1,400 spores m -3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   10 The sign test confirmed the statistically significant differences between days without rainfall and days where rainfall was present (≥0.20 mm) (Table 3) .
Elevated ascospore concentrations were observed after the presence of rainfall (Fig. 5) . This was true for each selected case and for all tested variations, i.e., dry days followed by rainy days, rainy days followed by dry days, and during rainy days preceded and proceeded by 3 dry days.
Days of prolonged precipitation yielded 3-fold higher ascospore concentrations (Figs 5A and 5B) in comparison with single rainy days occurring in the middle of a dry week (Fig. 5C ). The ascospore concentrations decreased to <100 spores m -3 usually either on the first or second day after the rainfall ( Figs 5B and 5C ). However, a prolonged dry period resulted in no ascospore release (Fig. 5A ). Two mm of rain was sufficient to trigger ascospore discharge after a dry period (Fig. 5C ).
Classifying the amount of rainfall in 24h into four categories (0<n⩽5 mm, 5<n⩽10 mm, 10<n⩽15 mm and 15<n⩽20 mm) showed that the highest hourly concentration of Didymella ascospores occurred between 10< and ⩽15 mm (Fig. 4C ). These amounts of rainfall favoured dispersal of Didymella ascospores, which peaked at 22:00 with a concentration approaching maximum 5,700 spores m -3 but generally there was no clear effect of different amounts of rain on ascospore concentrations (Fig. 4C ) compared to effects of no rain (Fig. 4B) . The Friedman test confirmed that there was a statistically significant difference in the inter-diurnal distribution of ascospores (Table 4 ).
The lowest relative humidity (n), which occurred within the study period, was 40%. All days when the relative humidity was within the range of 85 to 100% (n=41) were cross examined for the presence or absence of the rainfall. Only on a single occasion (11 Sep 2009) was a high relative humidity equal to 85% was not facilitated by the presence of rainfall. In the remaining cases, the amount of rainfall that was recorded varied from 1 to 60 mm. The spore concentration 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 analysed by relative humidity class peaked at 23:00 with a concentration above 6,500 spores m -3 . The Friedman test confirmed that there was a statistically significant difference in the diurnal pattern of Didymella ascospores associated with changes in relative humidity; these dependencies were observed in all years under investigation (Table 4) .
Didymella ascospores were significantly affected by maximum temperature (Fig. 4E) . A double peak pattern was observed, and a peak according to data analysed by temperature, recorded at 22:00 with a spore count of approximately 5,000 spores m -3 . A statistically significant difference between maximum temperature and diurnal distributions of Didymella for all individual years and 5-y averages was indicated by the Friedman test (Table 4 ).
The Didymella concentration decreased when wind speed exceeded a threshold of 3 m s -1 (Fig.   4) . The highest concentrations were found at low wind speeds up to 2 m s -1 , with peaks observed between 04:00 and 06:00, and from 22:00 to 23:00. The Friedman test confirmed that there was a statistically significant difference in the diurnal pattern of Didymella ascospores associated with changes in wind speed; these dependencies were observed in all years under investigation (Table 4 ). Sadyś et al. (2015; 2016) Didymella ascospore concentrations can be found in these reports 2016) .
Discussion
Data collected at Worcester exhibited a double peak pattern in Didymella with peaks observed at 03:00, and then again at 22:00 (Fig. 3 ). This contrasts with other studies, including 12 measurements taken in a chickpea field near Córdoba (Spain), which showed a single peak distribution of Didymella rabiei ascospores between 14:00 and 16:00 (Trapero-Casas et al., 1996) , while the studies of Gonianakis et al. (2005) and Akgül et al. (2016) did not find any distinct pattern in Didymella ascospores due to very low counts and episodic appearance in the air of Irakleion (Crete, Greece) and Gaziantep (Turkey), respectively.
Release mechanisms of ascospores are numerous and they vary from species to species. To date there is no specific information available for the ascospore liberation mechanism in Didymella genus. Many ascomycetes release their ascospores in an explosive manner. This results in increased chances for long distance dispersal by shooting spores beyond the boundary layer of stagnant air near the surface of the fruit bodies (Ingold, 1971) . The distance at which ascospores can be discharged vary from 0.2 to 40 cm (Ingold, 1979) . Fungi that belong to the Class of Dothideomycetes, including genera such as Didymella and Leptosphaeria, usually produce a double-wall type of ascus, with a thin elastic inner wall and rigid outer wall. The inner wall is very sensitive to wetness which it absorbs immediately causing excessive swelling. This causes the outer wall to burst and the ascospores are pushed out under pressure through an apical pore at the top of the fruit body (Ingold, 1971) . It has been estimated that approximately 85% of mature ascospores in Mycosphaerella musicola can be released within 10 min after wetting the surface of infected leaves (Meredith, 1973) .
Results confirmed that the presence of rainfall had the most significant impact on the diurnal distribution of hourly Didymella spore counts out of all examined meteorological parameters (Fig. 4) . A similar positive impact of rainfall was noted by Trapero-Casas et al. (1996) , who caught 94% of airborne Didymella rabiei spores using a Hirst trap during rainy days in a 5-y survey. Measurements of airborne Mycosphaerella (=Didymella) ascospore concentrations, taken in a field with wheat stubble in New Zealand, showed that large numbers of ascospores were released within a few hours after rainfall (Hampton, 1975) . When no rain occurred, ascospores 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   13 were trapped regularly within a 6 h period (00:00-06:00). Similarly, Corden and Millington (1994) found the majority of ascospores trapped during dry days were trapped at night (04:00-05:00). If there was a substantial amount of rainfall, then ascospore concentrations peaked earlier, at 18:00. Hirst (1953) suggested that the nocturnal ascospore release from perithecia on dry days was caused by dew formation at night. In contrast, in Kraków (Poland) ascospore concentrations showed a more distinctive diurnal pattern during dry days rather than on rainy days (Stępalska and Wołek, 2009) , while in London (UK) Harries et al. (1985) noted a clear diurnal pattern for both dry and rainy days. At Worcester, maximum concentrations were apparent, both at 05:00 and 23:00 (Fig. 4) , whereas in Kraków a single peak occurred between 03:00 and 04:00 (Stępalska and Wołek, 2009 ). The disparity between dry and rainy days was also found by Stępalska and Wołek (2009) , but after a 3-y period of sampling (z=-2.75, p=0.03). A small increase in numbers of ascospores was also seen by Stępalska and Wołek (2009) after dusk, from 17:00 to 00:00 during rainy days.
The dominant influence of rainfall on ascospore concentrations was also seen for ascospore release patterns in Leptosphaeria maculans and L. biglobosa (Huang et al., 2005) . Harries et al. (1985) recorded a spore count of Didymella exitialis equal to 7,000 spores m -3 at Harpenden, when 4 mm of rain was recorded, 4 h after the occurrence of a thunderstorm. Furthermore, Trapero-Casas et al. (1996) stated that discharge of Didymella rabiei ascospores was more dependent on the presence of rainfall rather than the amount of rain based on 5-y observations. Hernández Trejo et al. (2012) examined the ascospore concentration of 19 taxa and determined that the role that rainfall and relative humidity play in the ascospore discharge were species specific. To illustrate this, it has been established empirically in a field that 0.2 mm of rain yielded the maximum ascospore discharge in Rhaphidophora graminis, previously Ophiobulus graminis (Meredith, 1973) .
14 The very strong association between high Didymella spore counts with relative humidity conditions (85-100%) in our study, confirms observation in Poland (Stępalska and Wołek, 2005) . Richardson (1996) reported that a sudden increase in Didymella spore concentration (>4,000 spores m -3 at 05:00) in the air at Edinburgh (Scotland) was explained by an increase in relative humidity up to 95%. In our study, spore production was highly correlated with humidity, however, 97% of high humidity days also had high precipitation. Other previously published reports analysed the correlation between presence of ascospores in the air and relative humidity, but without excluding the impact of the rainfall (e.g. von Wahl and Kersten, 1991; Stępalska et al., 2012) . These reports showed, however, weak associations of ascospore release with relative humidity.
Significant Didymella ascospore concentrations were associated with a temperature range of 10°C-15°C , similarly to the observations from Edinburgh, where Didymella spore concentrations varying between 1,001 and 5,000 spores m -3 were found at 11°C (Richardson, 1996) . Similarly, von Wahl and Kersten (1991) reported a range of 10-20°C temperature associated with the detection of ascospores in the air of Essen-Bredeney. Packe and Ayres (1985) suggested that higher temperatures, up to 4 days before the occurrence of the thunderstorm, could accelerate maturation of ascospores that were ready to be released under higher relative humidity conditions. This was further confirmed by Corden and Millington (1994) in Derby (UK). The observations of infections of cucurbits caused by Didymella bryoniae in the greenhouses led to the conclusion that the optimum temperature for infection varied between 16°C and 24°C (Miller et al., 2001 ).
The impact of wind speed on diurnal and daily concentrations of Didymella ascospores is less frequently studied (von Wahl and Kersten, 1991) , and then only the strength of the correlation, but not the limitation threshold tends to be reported (Stępalska et al., 2012; Martínez Blanco et al., 2016) . Nevertheless, Martínez Blanco et al. (2016) found an inversely proportional   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 relationship between Didymella and wind speed in Montevideo (Uruguay), Stępalska et al. (2012) observed a directly proportional association in Szczecin (Poland) and no impact at all in Kraków (Poland). In our study, lower ascospore release when wind speeds were above 3 m s -1 presumably reflects higher wind speeds reducing the humid boundary layer close to moist substrata, which would inhibit spore release. The peak of spore release on dry days tended to be in the early morning, which is when the wind is lightest and the relative humidity is highest.
To date, a study of Trapero-Casas et al. (1996) is one of the very few reports that provide information on the Didymella ascospore release time directly measured at the inoculum source.
Other studies, which examined dispersal of this pathogen (Salam et al., 2011; Davidson et al., 2013) did not apply volumetric air sampling and thus are not comparable with our study. Kaiser and Küsmenoglu (1997) reported a dispersal distance of D. rabiei for several kilometres from the inoculum source, which at typical wind speeds equal to 2 m s -1 would delay arrival in the city centre by an hour. Arrival of spores from a distant source within a regional scale (<1,000 km) cannot be excluded, as many spores such as those of Alternaria sp. and soybean rust (Phakopsora pachyrhizi, P. meibomiae) spores can travel long distances (e.g. Isard, 2005; Fernández Rodríguez et al., 2015) . Since, there is an obvious discrepancy between the timing of ascospore release reported by Trapero-Casas et al. (1996) , the current survey and other similar reports (Corden and Millington, 1994; Stępalska and Wołek, 2009) , it can be concluded that ascospore transport via the air currents took a place in our study.
Conclusion
Intra-diurnal distributions of Didymella ascospores were constantly found on rainy days during a 5-y survey carried out at Worcester, UK. Ascospores were present in the air from the end of June until mid-September with peak concentrations occurring in mid-August. Several statistical tests indicated both relative humidity (85-100%) and rainfall (10-15 mm) as the most important 16 factors influencing high ascospore concentrations in the air of an urban site, with the former strictly dependent on the latter parameter. The majority of the ascospores were detected at night, with high concentrations recorded between 20:30 and 05:00. However, the maximum concentrations of ascospores were usually observed in the morning. The observations taken from an urban site were probably slightly delayed in relation to the time of ascospore release at sources outside of the urban area. There is a possibility of regional transport of ascospores in the atmosphere from distant to relatively local sources. This will be explored further in the next study . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22 Season dynamics comprise the following fractions: 1%, 5%, 25%, 50% (upright line), 75%, 95% and 99%. Table 4 
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